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ABSTRACT 

This  study  was  undertaken  to  characterize  and  understand  the  fatigue  behavior  of  AerMet  100 
steel  under  loading  with  stress  ratio  0.1  and  load  frequencies  of  0.1,  1,  and  10  Hz  in  gaseous  dry 
nitrogen,  distilled  water,  and  aqueous  3.5%  NaCl  solution  at  ambient  temperature.  The  influence 
of  environmental  factor  on  near-threshold  crack  growth  was  also  investigated. 

The  environment  assisted  fatigue  crack  growth  was  faster  for  a  more  aggressive  environment  and 
a  lower  load  frequency  in  high  AK  region.  The  environment  induced  crack  closure  was  greater 
and  the  fatigue  crack  growth  was  slower  for  a  more  aggressive  environment  in  low  AK  or  near- 
threshold  crack  growth  region.  The  corrosion  fatigue  crack  path  was  partly  intergranular  and 
partly  transgranular. 
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SUMMARY 

The  fatigue  crack  growth  behavior  of  AerMet  100  steel  was  characterized  in  three  environments 
(gaseous  dry  nitrogen,  distilled  water,  and  aqueous  3.5%  NaCl  solution)  under  the  loading 
condition  of  stress  ratio  0.1  and  frequencies  of  0.1, 1,  and  10  Hz  at  ambient  temperature. 
Particular  emphasis  was  placed  on  the  effect  of  the  environment  on  the  near-threshold  crack 
growth. 

In  high  AK  region,  a  fatigue  crack  grew  faster  in  a  more  aggressive  environment  at  a  lower 
loading  frequency.  On  the  other  hand,  in  low  AK  or  near-threshold  crack  growth  region, 
environment  induced  crack  closure  occurred,  and  the  fatigue  crack  grew  slower  in  a  more 
aggressive  environment.  The  corrosion  fatigue  crack  followed  a  partly  intergranular  and  partly 
transgranular  path. 


INTRODUCTION 

Corrosion  fatigue  is  a  cracking  phenomenon,  including  environment  assisted  fatigue  crack 
initiation  and  growth,  in  materials  under  the  joint  actions  of  an  applied  cyclic  stress  and  a 
corrosive  environment.  It  is  one  of  the  major  causes  for  service  failure  of  engineering  structures 
in  corrosive  environments.  Considerable  engineering  and  scientific  efforts  have  been  devoted  to 
the  characterization  of  the  corrosion  fatigue  behavior  and  to  the  understanding  of  the 
mechanisms.  The  characterization  and  understanding  are  essential  to  service  life  prediction, 
fracture  control,  and  development  of  corrosion  fatigue  resistant  alloys. 

AerMet  100  steel  has  a  good  combination  of  high  strength  and  high  fracture  toughness.  Recently, 
this  steel  has  been  selected  as  a  new  material  for  fracture  resistant  components,  such  as  aircraft 
landing  gear,  arresting  gear  shank,  and  horizontal  stabilizer  spindle.  Those  AerMet  100  steel 
components,  especially  carrier-based  aircraft  components,  are  exposed  to  corrosive  environments 
and  are  subjected  to  fluctuating  loads.  However,  the  corrosion  fatigue  data  for  AerMet  100  steel 
are  rather  sparse,  and  its  behavior  has  not  been  fixlly  understood.  The  present  investigation  aims 
at  characterizing  and  understanding  the  corrosion  fatigue  crack  growth  behavior  of  AerMet  100 
steel  in  corrosive  environments.  Since  the  corrosion  fatigue  crack  growth  rate  is  affected  by  load 
frequency,  the  roles  of  load  frequency  and  environment  are  interrelated.  Furthermore,  as  there 
has  been  a  rapidly  increasing  need  for  near-threshold  crack  growth  rate  data  and  the  influence  of 
environmental  factors  on  near-threshold  crack  growth  has  remained  somewhat  of  a  controversy, 
particular  emphasis  is  placed  on  the  near-threshold  crack  growth. 

EXPERIMENTAL  PROCEDURES 

The  specimen  material,  AerMet  100  steel,  was  received  from  Carpenter  Technology  Corp.  in  the 
form  of  a  forged  slab  of  38.1  x  1 14.3  x  330.2  mm  (1.5  x  4.5  x  13  in.).  The  chemical  composition 
is  shown  in  table  1 . 
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Table  1 

CHEMICAL  COMPOSITION  OF  AERMET  100  STEEL  SLAB 


Element 

Weight 

(%) 

C 

0.23 

Mn 

0.03 

Si 

0.03 

P 

0.003 

S 

0.0009 

Cr 

3.03 

Ni 

11.09 

Mo 

1.18 

Co 

13.44 

Cu 

0.01 

Fe 

bal 

The  slab  was  subjected  to  a  heat  treatment:  preheating  at  593°C  (1,100°F)  for  1.25  hr  in  an  argon 
atmosphere,  solution  treatment  at  885°C  (1,625°F)  for  1.25  hr  in  an  argon  atmosphere  and 
cooling  in  a  nitrogen  atmosphere,  and  freezing  in  dry-ice  and  alcohol  (-73°C)  for  2  hr  and  aging 
at  482°C  (900°F)  for  5  hr  in  air.  This  heat  treatment  resulted  in  the  hardness  Rc  54  and  the 
microstructure  shown  in  figure  A-1. 

After  the  heat  treatment,  compact  tension  (C(T))  specimens,  12.7  mm  (0.5  in.)  thick  and  50.8 
mm  (2  in.)  wide,  were  prepared  in  the  L-T  orientation  by  Electro  Discharge  Machining, 
figure  A-2. 

In  this  study,  two  closed-loop  servo-hydraulic  mechanical  test  machines  were  used  for  the  fatigue 
tests.  One  was  a  490  KN  (110  kip)  conventional  vertical  MTS  machine  fitted  with  a  Plexiglas 
environmental  chamber  for  a  fatigue  test  in  a  gas  environment.  The  other  was  a  horizontal 
mechanical  test  machine  for  a  fatigue  test  in  a  liquid  medium.  The  horizontal  tester  consisted  of  a 
44.5  KN  (10  kip)  actuator,  a  22.25  KN  (5  kip)  load  cell,  a  supporting  frame,  and  a  liquid 
container,  in  which  a  specimen  was  partly  immersed.  A  liquid  medium  was  constantly  circulated 
between  the  liquid  container  and  a  3.8  liters  (1  gal)  reservoir  by  a  pump.  Each  test  machine  was 
suitably  interfaced  with  a  laboratory  computer  system  for  automated  monitoring  of  fatigue  crack 
growth  using  either  compliance  or  d-c  potential  drop. 

Fatigue  crack  growth  tests  were  conducted  under  load  control  in  tension-tension  cycling  at 
frequencies  of  0.1,  1,  and  10  Hz  with  a  sinusoidal  waveform  and  load  ratio  of  0.1  at  ambient 
temperature.  The  test  environments  were  gaseous  dry  nitrogen,  distilled  water,  and  aqueous  3.5% 
NaCl  solution.  The  fatigue  testing  in  gaseous  dry  nitrogen  was  carried  out  with  a  Plexiglas 
environmental  chamber,  which  totally  enclosed  a  specimen,  and  gaseous  dry  nitrogen  constantly 
flowed  through  to  maintain  an  inert  reference  environment.  Oil  free  gaseous  nitrogen  was  dried 
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to  5%  relative  humidity  by  passing  through  Drierite  (CaS04)  prior  to  entering  the  environmental 
chamber.  The  corrosion  fatigue  testing  was  performed  with  a  C(T)  specimen,  the  notch  tip,  and 
the  crack  of  which  was  immersed  in  a  liquid  medium,  distilled  water,  or  aqueous  3.5%  NaCl 
solution.  Fatigue  crack  lengths  were  continuously  monitored  with  a  laboratory  computer  system, 
using  compliance  technique.  The  fatigue  loading  procedure  was  K-decreasing  (load  shedding)  for 
the  da/dN  below  2.54  x  10’^  mm/cycle  (10'^  in./cycle)  and  K-increasing  for  the  da/dN  above 
2.54  X  10’^  mm/cycle  (10‘^  in./cycle). 

RESULTS 

FT^VTRONMRNT  EFFECT 

For  the  AerMet  100  steel  tested  at  a  frequency  of  10  Hz  in  the  three  environments,  gaseous  dry 
nitrogen,  distilled  water,  and  aqueous  3.5%  NaCl  solution,  the  variation  of  fatigue  crack  growth 
rate  (da/dN)  with  stress  intensity  range  (AK)  is  illustrated  in  figure  A-3.  Above  2.54  x 
10'^  mm/cycle  (10'®  in./cycle),  the  fatigue  crack  growth  rates  are  similar  in  the  three 
environments,  indicating  the  fatigue  crack  growth  rate  independent  of  environment.  On  the  other 
hand,  the  near-threshold  crack  growth  rate  (da/dN  <  2.54  x  10'®  mm/cycle  (10  in./cycle))  is  least 
in  aqueous  3.5%  NaCl  solution,  intermediate  in  distilled  water,  and  greatest  in  gaseous  dry 
nitrogen.  The  threshold  stress  intensity  for  fatigue  crack  growth  (AKth)  is  greatest  in  aqueous 
3.5%  NaCl  solution,  intermediate  in  distilled  water,  and  least  in  gaseous  dry  nitrogen.  In  other 
words,  a  more  aggressive  environment  slows  down  the  near-threshold  fatigue  crack  growth  and 
raises  the  AKth  more. 

Figure  A-4  shows  da/dN  versus  AK  curves  for  a  frequency  of  1  Hz  in  the  three  environments. 
Above  2.54  x  10'®  mm/cycle  (10'®  in./cycle),  the  aggressive  environments,  aqueous  3.5%  NaCl 
solution  and  distilled  water,  accelerate  da/dN.  This  indicates  that  environment  assisted 
acceleration  of  fatigue  crack  growth  occurs  at  a  frequency  of  1  Hz.  The  near-threshold  fatigue 
crack  growth  rate  is  least  in  aqueous  3.5%  NaCl  solution,  intermediate  in  distilled  water,  and 
greatest  in  gaseous  dry  nitrogen.  Correspondingly,  the  AKth  is  greatest  in  aqueous  3.5%  NaCl 
solution,  intermediate  in  distilled  water,  and  least  in  gaseous  dry  nitrogen. 


Figure  A-5  shows  da/dN  versus  AK  curves  for  a  frequency  of  0.1  Hz  in  the  three  environments. 
da/dN  is  greater  in  aqueous  3.5%  NaCl  solution  than  in  distilled  water  and  gaseous  dry  nitrogen 
for  much  of  the  da/dN  region  investigated.  Furthermore,  da/dN  is  greater  in  distilled  water  than 
in  gaseous  dry  nitrogen  above  10'®  nun/cycle  (4  x  10''^  in./cycle),  and  the  reverse  is  true  below 
10'®  mm/cycle  (4  x  10’’  in./cycle).  This  indicates  that  the  environment  assisted  fatigue  cracking  is 
more  obvious  than  at  a  frequency  of  1  Hz. 

FREQUENCY  EFFECT 

In  gaseous  dry  nitrogen,  the  fatigue  crack  growth  rates  are  nearly  identical  at  two  different 
frequencies,  0.1  and  1  Hz,  figure  A-6,  indicating  frequency-independent  fatigue  crack  growth. 
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In  distilled  water,  the  fatigue  crack  growth  rate  is  greatest  at  0.1  Hz,  intermediate  at  1  Hz,  and 
least  at  10  Hz  above  2.54  x  10'^  mm/cycle  (10'^  in./cycle),  figure  A-7.  Below  2.54  x 
10'^  mm/cycle  (lO”^  in./cycle),  the  reverse  seems  to  be  true. 

In  aqueous  3.5%  NaCl  solution,  the  fatigue  crack  growth  rates  at  three  different  frequencies,  0.1, 
1,  and  10  Hz,  are  similar  above  10'^  mm/cycle  (4  x  10'^  in./cycle),  figure  A-8.  Similar  fatigue 
crack  growth  rates  are  still  observable  at  1  and  10  Hz  below  10'^  mm/cycle  (4  x  10'  in./cycle) 
but  above  2.54  x  10'^  mm/cycle  (10‘^  in./cycle),  while  they  are  lower  than  that  at  0.1  Hz.  Below 
2.54  X  10'^  mm/cycle  (10'^  in./cycle),  the  da/dN  is  greatest  at  0.1  Hz,  intermediate  at  10  Hz,  and 
least  at  1  Hz.  This  observation  evidences  a  diminishing  frequency  effect  on  fatigue  crack  growth 
with  increasing  da/dN  in  aqueous  3.5%  NaCl  solution. 

FATIGUE  CRACK  PATH 

Figure  A-9  shows  a  crack  path  in  a  specimen,  which  was  subjected  to  a  corrosion  fatigue  test  in 
distilled  water.  The  corrosion  fatigue  crack  follows  a  path,  which  is  partly  intergranular  and 
partly  transgranular.  Also,  crack  branching  is  seen  along  prior  austenite  grain  boundaries.  A 
similar  crack  path  was  also  observed  in  a  specimen  that  was  subjected  to  a  corrosion  fatigue  test 
in  an  aqueous  3.5%  NaCl  solution. 


DISCUSSION 


COMPARISON  WITH  OTHER  STEEL 

Figure  A- 10  shows  the  variations  of  fatigue  crack  growth  rate  with  stress  intensity  range  for 
AerMet  100  and  AF1410  steels,  which  were  subjected  to  identical  fatigue  loadings  of  stress  ratio 
0.1  and  frequency  1  Hz  in  an  aqueous  3.5%  NaCl  solution.*  The  two  curves  of  da/dN  versus  AK 
nearly  overlap  each  other,  indicating  similar  corrosion  fatigue  crack  growth  rates  of  these  two 
steels  despite  the  difference  in  the  fracture  toughness  (151.7  MPaVm  for  AerMet  100  steel  and 

164.9  MPaVm  for  AF1410  steel),  yield  strength  (1,744.4  MPa  for  AerMet  100  steel  and 

1.516.9  Mpa  for  AF1410  steel),  and  ultimate  tensile  strength  (1,896.1  MPa  for  AerMet  100  steel 
and  1,654.8  MPa  for  AF1410  steel). 

F.NVTRONMENT  EFFECT 

The  result  of  this  study  shows  that  the  rate  of  environment  assisted  fatigue  crack  growth  in  an 
AerMet  100  steel  is  greater  for  a  more  aggressive  environment  and  a  lower  loading  frequency 
above  2.54  x  10'^  mm/cycle  (10'^  in./cycle),  but  the  reverse  is  true  below  2.54  x  10'  mm/cycle 
(10'^  in./cycle).  Similar  behavior  was  observed  in  2  l/4Cr-l  Mo  steels,  rotor  steels,  and  a 

4340  steel,  and  the  threshold  fatigue  crack  growth  behaviors  of  these  steels  were  attributed  to 
’  2  6 
oxide-induced  crack  closure. ' 

The  fatigue  crack  growth  in  a  high  da/dN  range,  accelerated  by  an  aggressive  environment  at  a 
lower  loading  frequency,  was  also  observed  for  various  alloys.  A  typical  observation  shows  the 
fatigue  crack  growth  rate  of  a  4340  steel  greater  in  water  vapor  than  in  dehumidified  argon  and  it 
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increasing  with  decreasing  loading  frequency  in  water  vapor  above  2.54  x  10  mm/cycle 
(10'^  in./cycle).’  The  fatigue  crack  growth  behavior  of  the  4340  steel  is  similar  to  that  of  an 
AerMet  100  steel  above  2.54  x  10'^  mm/cycle  (10'^  in./cycle)  in  this  study. 

The  fatigue  crack  growth  in  a  low  da/dN  range,  similar  to  that  of  an  AerMet  100  steel  below 
2.54  X  10'^  mm/cycle  (10'^  in./cycle),  was  also  observed  in  2  l/4Cr-l  Mo  steels,  rotor  steels,  and 

a  4340  steel.^'^  The  threshold  fatigue  crack  growth  behaviors  of  these  steels  were  attributed  to 

2  6 

oxide-induced  crack  closure.  ' 

The  different  threshold  fatigue  crack  growth  behaviors  of  an  AerMet  100  steel  in  inert  and 
corrosive  environments  can  be  explained  with  a  digitized  load-displacement  curve,  defining 
crack  closure.®  Commonly,  crack  closure  is  determined  from  a  load-displacement  curve  by 
subtracting  a  signal  proportional  to  the  load  such  that  the  resulting  signal  is  constant  in  the  linear 
portion  (above  crack  closure)  of  the  load-displacement  curve.  On  the  other  hand,  the  method  of 
digitized  load-displacement  curve  amplifies  the  signal  and  exaggerates  the  nonlinearity 
associated  with  crack  closure.  In  this  study,  the  fatigue  test  was  monitored  and  controlled  with  a 
digital  computer,  and  the  digitized  load-displacement  data  was  analyzed.  Figure  A-1 1  shows 
three  dynamic  video  screen  displays  of  a  complete  fatigue  cycle  as  digitized.  The  top  display  was 
taken  during  a  fatigue  crack  test  in  gaseous  dry  nitrogen  and  the  two  lower  ones  in  distilled 
water.  The  two  sine  waves  represent  load  versus  time  and  displacement  versus  time  curves, 
respectively.  The  vertical  trace  in  the  center  represents  a  reduced  displacement  plot  where  the 
signal  has  been  digitally  amplified  in  the  horizontal  direction  to  exaggerate  the  effect  of  crack 
closure.  The  two  upper  horizontal  lines  represent  the  upper  and  lower  limits  for  the  linear  portion 
of  the  load-displacement  curve.  The  deviation  from  linearity  is  indicated  as  horizontal  lines 
corresponding  to  slope  offsets  of  1, 2, 4,  8,  and  16%.  Therefore,  the  crack  closure  can  be 
indicated  by  reduction  of  linear  portion  of  load-displacement  curve,  rise  of  horizontal  lines  of 
slope  offset,  and  bulge  of  vertical  trace  in  the  center.  (In  this  investigation,  no  distinction  was 
made  between  the  crack  opening  level  and  the  crack  closure  level  since  no  experimental 
difference  was  observed.) 

Figure  A-12  shows  da/dN  versus  AK  curves  for  the  three  environments  and  digitized  load- 
displacement  curves  and  crack  closure  levels  for  loading  frequency  0.1  Hz  and  stress  ratio  0.1.  In 
gaseous  dry  nitrogen,  the  linear  portion  of  load-displacement  curve  is  wide,  the  crack  closure 
level  is  low,  and  the  vertical  trace  is  straight,  indicating  no  crack  closure  throughout  the  entire 
region  of  da/dN.  On  the  other  hand,  in  aqueous  3.5%  NaCl  solution,  the  linear  portion  of  load- 
displacement  curve  is  reduced,  the  horizontal  lines  of  crack  closure  level  are  raised,  and  the 
vertical  trace  in  the  center  is  bulged  in  the  lower  da/dN  region,  indicating  crack  closure.  Such  an 
indication  is  not  detectable  in  the  high  da/dN  region.  Similar  features  are  also  observable  in 
distilled  water.  These  observations  evidence  that  the  threshold  fatigue  crack  growth  behavior  in 
distilled  water  and  aqueous  3.5%  NaCl  solution  is  associated  with  crack  closure,  induced  by 
corrosion  product. 

The  observed  absence  of  loading  frequency  effect  on  fatigue  crack  growth  behavior  of  an  AerMet 
100  steel  in  gaseous  dry  nitrogen  confirms  the  observations  for  the  other  alloys  in  inert 
environments.^’*^ 
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CONCLUSIONS 

The  environment  assisted  fatigue  cracking  is  faster  for  a  more  aggressive  environment  and  a 
lower  frequency  in  a  high  AK  region. 

The  environment  induced  crack  closure  is  greater  and  the  fatigue  crack  growth  rate  is  smaller  for 
a  more  aggressive  environment  in  low  AK  or  near-threshold  crack  growth  region. 

The  corrosion  fatigue  crack  path  is  partly  intergranular  and  partly  transgranular. 

RECOMMENDATION 

Since  AerMet  100  steel  is  susceptible  to  corrosion  fatigue  in  an  aggressive  environment,  an 
AerMet  100  steel  component  surface  should  be  protected  with  corrosion  resistant  coating  or 
plating  in  an  aggressive  service  environment. 
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Figure  A- 1 

MICROSTRUCTURE  OF  SPECIMEN  MATERIAL, 
AERMET  100  STEEL 
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2  Holes 


an  =  16.00  (0.63) 

Figure  A-2 

COMPACT  TENSION  SPECIMEN  FOR  FATIGUE  CRACK  GROWTH  TESTING 
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Figure  A-3 

VARIATION  OF  FATIGUE  CRACK  GROWTH  RATE  WITH  STRESS  INTENSITY 
RANGE  AT  A  FREQUENCY  OF  10  HZ  IN  THREE  ENVIRONMENTS: 
GASEOUS  DRY  NITROGEN,  DISTILLED  WATER, 

AND  AQUEOUS  3.5%  NaCl  SOLUTION 
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Figure  A-4 

VARIATION  OF  FATIGUE  CRACK  GROWTH  RATE  WITH  STRESS  INTENSITY 
RANGE  AT  A  FREQUENCY  OF  1  HZ  IN  THREE  ENVIRONMENTS; 
GASEOUS  DRY  NITROGEN,  DISTILLED  WATER, 

AND  AQUEOUS  3.5%  NaCl  SOLUTION 
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Figure  A-5 

VARIATION  OF  FATIGUE  CRACK  GROWTH  RATE  WITH  STRESS  INTENSITY 
RANGE  AT  A  FREQUENCY  OF  0. 1  Hz  IN  THREE  ENVIRONMENTS: 
GASEOUS  DRY  NITROGEN,  DISTILLED  WATER, 

AND  AQUEOUS  3.5%  NaCl  SOLUTION 
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AND  10  Hz  IN  DISTILLED  WA' 
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Figure  A-8 

VARIATION  OF  FATIGUE  CRACK  GROWTH  RATE  WITH  STRESS  INTENSITY  RANGE 
AT  FREQUENCIES  OF  0.1, 1,  AND  10  Hz  IN  AQUEOUS  3.5%  NaCl  SOLUTION 
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Figure  A- 10 

CORROSION  FATIGUE  CRACK  GROWTH  RATES  OF  AERMET  100  AND 
AF1410  STEELS  IN  AQUEOUS  3.5%  NaCl  SOLUTION 


measure  of  crack  closure 
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Figure  A- 11 

LOAD-DISPLACEMENT  RESPONSE  TO  CRACK  CLOSURE 
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